INTRODUCTION
Notch signaling has an evolutionarily conserved role in determining distinct fates for adjacent cells in diverse contexts during metazoan development. Activation of Notch prevents cells from differentiating and plays a crucial role in maintaining progenitor populations during growth and development of an animal (reviewed by ArtavanisTsakonas et al., 1999; Schweisguth, 2004) .
The mature Notch receptor has an extracellular fragment, Notch EC , bound to the extracellular stub of a membrane-spanning fragment, Notch TM , which is generated by S1 cleavage of the fulllength receptor during synthesis. Cleavage in the extracellular stub (S2) followed by cleavage in the Notch TM transmembrane domain (S3) releases an intracellular fragment of Notch, Notch IC , into the cell. Notch IC contains a trans-activation domain and additional interaction domains that allow it to form a transcriptional activator complex with Mastermind and a member of the CSL family [CBF1/RBPjkappa, Su(H), Lag1]. Together, they drive expression of target genes recognized by the DNAbinding CSL protein (reviewed by Mumm and Kopan, 2000; Fiuza and Arias, 2007) . The Notch EC fragment regulates release of Notch IC into the cell because its association with the Notch TM extracellular stub prevents access to the cleavage sites required for release of Notch IC . Removal of Notch EC is a key step in the 'activation' of Notch as it leaves the S2 and S3 sites on Notch TM accessible to sequential cleavage by an ADAM protease and a γ-secretase complex (Gordon et al., 2007) .
Separation of the Notch
EC and Notch TM fragments is determined by interaction of Notch with DSL (Delta Serrate Lag2) ligands on the surface of a neighboring cell. The Notch EC fragment contains EGF repeats that bind DSL ligands, which are also trans-membrane proteins that have EGF repeats in their extracellular domain. It is thought that ubiquitin-dependent endocytosis of a Notch DSL ligand, like Delta, bound to Notch EC on the surface of a neighboring cell, promotes Notch activation because endocytosis of the DSL ligand-Notch EC complex facilitates separation of Notch EC from the extracellular stub of membrane-tethered Notch TM (Klueg and Muskavitch, 1999; Parks et al., 2000; Nichols et al., 2007a; Nichols et al., 2007b) .
In zebrafish, the ubiquitin-mediated endocytosis of Delta homologues is regulated by the RING ubiquitin ligase Mind bomb (Mib). Previously, we have shown that a Mib homologue, now called Mib1, ubiquitylates DeltaD, promotes its endocytosis, and is essential for effective Notch activation in zebrafish during early neurogenesis (Itoh et al., 2003) . It remained unclear, however, whether, in this context, Mib-mediated Delta endocytosis is triggered by interaction of Delta with Notch in a neighboring cell, or whether Mib-mediated endocytosis of Delta is a process that occurs independently of an interaction of Delta with Notch.
This study was initiated to examine the subcellular distribution of endogenous Delta in the central nervous system and to determine whether the previously described accumulation of DeltaD on the cell surface of hair cells in otic vesicles in Mib mutants (Itoh et al., 2003) is representative of changes in the rest of the nervous system. We show that Mib-mediated endocytosis is a crucial determinant of the subcellular distribution of DeltaD throughout the nervous system. We also show that Notch is a determinant of Delta endocytosis and that interaction with Notch, both within the same cell (in cis) and in a neighboring cell (in trans), is likely to regulate endocytosis of specific Delta homologues. We discuss the potential significance of these interactions during lateral inhibition.
MATERIALS AND METHODS

Fish maintenance and mutant strain
Zebrafish were maintained under standard conditions and staged according to Kimmel et al. (Kimmel et al., 1995) . The mind bomb, mib ta52b and mib m178 (Itoh et al., 2003; Jiang et al., 1996) , and deltaD, aei ag49 (Holley et al., 2000) alleles have been described previously. Treatment with 50 μM DAPT (Calbiochem) was started at 80% epiboly to block Notch signaling.
Plasmid construction and embryo injections
Membrane-tethered mRFP-myc gene [modified from Moriyoshi et al. (Moriyoshi et al., 1996) ] and HA-tagged zebrafish deltaD were cloned into pCS2 vector. Capped mRNAs were synthesized using Ambion mMessage mMachine kits. Morpholino and mRNA injections were performed at the one-or two-cell stage. 1.5 ng of each morpholino was injected for double morpholino experiments. Morpholinos were purchased from Gene Tools (Philomath, OR). mRNAs were injected at the following concentrations: 50 pg for HA-deltaD, 25 pg for memb-myc and 100 pg for DN-Su(H). Morpholinos used in this study are:
Notch1a-MO (5Ј-GAAACGGTTCATAACTCCGCCTCGG-3Ј) (Yeo et al., 2007) ; Notch3-MO (5Ј-ATATCCAAAGGCTGTAATTCCCCAT-3Ј) (Yeo et al., 2007) ;
DeltaA-MO (5Ј-CTTCTCTTTTCGCCGACTGATTCAT-3Ј); and DeltaD-MO (5Ј-AAACAGCTATCATTAGTCGTCCCAT-3Ј).
Whole-mount in situ hybridization
DIG-labeled anti-sense riboprobes were synthesized using the DIG labeling kit (Roche, Indianapolis, IN). Embryos were fixed in 4% paraformaldehyde overnight at 4°C. Signals were detected with alkaline phosphatase-labeled anti-DIG antibody and BM Purple substrate (Roche). Whole-mount embryos were imaged with a ProgRes C14 camera mounted on a Leica MZ12 stereomicroscope.
Immunohistochemistry
Embryos were fixed with ice-cold 10% TCA (Sigma) for 30 minutes and permeabilized with 0.2% Triton X-100 in PBS for 10 minutes. Primary antibodies used were: mouse anti-zebrafish deltaD, zdD2, anti-zebrafish deltaC, zdC1 (kindly provided by Dr Julian Lewis, Cancer Research UK London Research Institute), rabbit anti-β-catenin (Sigma) (dilution 1:500) and rabbit anti-myc (abCAM) (dilution 1:500), mouse anti-HA (Covance) (dilution 1:400). Photos were taken with a confocal microscope (LSM 510META, Carl Zeiss).
Cell transplantation and analysis
EK fish embryos were injected with either standard MO provided by Gene Tools or MOs against notch1a and notch3 with mRNA encoding membmRFP-myc or with mRNA encoding HA-DeltaD and memb-mRFP-myc, Myc PM . Twenty to 30 cells from donor embryos were transplanted into host embryos at the 1000 cell stage, and embryos were allowed to develop until the appropriate stage as described in the Results section. Transplanted cells were visualized with rabbit anti-myc antibody, and endogenous DeltaD and exogenous DeltaD-HA proteins were detected with zdD2 or anti-HA antibodies, respectively. Z-series sections of the transplanted cells were taken on an LSMmeta510 confocal microscope.
RESULTS
Subcellular localization of DeltaD in neural ectoderm
DeltaD is expressed in 'neurogenic' domains of the neural plate, where cells express a bHLH transcription factor neurogenin 1 (Ngn1) (Blader et al., 1997; Kim et al., 1997) . Ngn1 expression gives cells the potential to become neurons and drives its own expression. If cells acquire high enough levels of Ngn1, they initiate expression of additional genes that allow them to differentiate as neurons. However, Ngn1 also drives the expression of Delta, which activates Notch in neighboring cells. Notch activation drives expression of transcriptional repressors in the Hairy E(Spl) Related family, which in turn inhibit expression of Ngn1 (Takke et al., 1999) . So, by driving Delta expression, each Ngn1-expressing cell acquires the ability to inhibit Ngn1 and Delta expression in neighboring cells. As a consequence of this process of 'lateral inhibition', only a subset of cells in the neurogenic domain acquire high enough levels of Ngn1 expression to differentiate as neurons. In the absence of effective Notch signaling, most cells within the neurogenic domain express high levels of Ngn1 to become neurons (reviewed by Chitnis, 1999; Louvi and Artavanis-Tsakonas, 2006) .
We examined the distribution of endogenous Delta protein in neurogenic domains using a monoclonal antibody for DeltaD, zdD2 (Itoh et al., 2003) . Fixation of zebrafish embryos with trichloracetic acid (TCA) improved the ability to visualize endogenous DeltaD distribution. zdD2 staining correlates with the distribution of deltaD transcripts both at the taibud stage, when deltaD is expressed in a subset of cells within longitudinal neurogenic domains in the prospective hindbrain (Fig. 1A,B) (Haddon et al., 1998; Appel and 
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Development 136 (2) Eisen, 1998), and at 30 hours post fertilization (hpf), when deltaD is expressed adjacent to rhombomere boundaries (Fig. 1C,D) (Cheng et al., 2004; Riley et al., 2004; Amoyel et al., 2005) . To examine the subcellular distribution of DeltaD protein, embryos were doublestained with zdD2 mAb and anti-β-catenin pAb, an adherens junction protein, which reveals the shape of individual cells. DeltaD protein was mainly detected as cytoplasmic puncta without overlap with β-catenin associated with the plasma membrane, both at the tail bud stage (Fig. 1E ,EЈ) and later in the hindbrain at 30 hpf (Fig.  1F,FЈ) .
Mib1 requirement for DeltaD endocytosis
At the 10-somite stage, most of the DeltaD protein accumulated on cell surface in mib1 mutants (Fig. 2D) , whereas DeltaD was in cytoplasmic puncta in wild-type siblings (Fig. 2C ), suggesting that Mib1-mediated endocytosis is a crucial determinant of endogenous DeltaD distribution. However, at this stage, the deltaD transcript and DeltaD protein in mib1 mutants is exaggerated (compare Fig. 2A ,B with Fig. 2C,D) as absence of Notch signaling allows cells in the neurogenic domain to express much higher levels of ngn1 and deltaD. The exaggerated deltaD expression in mib1 mutants raised the possibility that surface accumulation of DeltaD could be due to higher production of DeltaD rather than to reduced internalization from the cell surface (Lai et al., 2005; Le Borgne et al., 2005; Pitsouli and Delidakis, 2005; Wang and Struhl, 2005) .
To distinguish between these possibilities, we compared DeltaD protein distribution at the tail bud stage when the overall level of deltaD transcript does not look as significantly exaggerated (compare Fig. 2A ,B with Fig. 2E,F) . In wild-type siblings, DeltaD was distributed in small puncta in a small subset of cells within neurogenic domains. In mib1 mutants, failure of Notch signaling allowed most of the cells in the neurogenic domains to express DeltaD protein. Though DeltaD expression was significantly lower at this stage, most of it was still on the cell surface (Fig. 2G,H) . Two different mib1 alleles, mib ta52b and mib m178 , had similar changes in DeltaD distribution ( Fig. 2H ; Fig.  4C ). These results suggest Mib1-mediated endocytosis has a significant role in determining endogenous DeltaD distribution in the neural tissue.
DeltaD distribution in DAPT and DN-Su(H) embryos
To further evaluate how increased deltaD production following loss of Notch signaling contributes to surface expression of DeltaD, we examined the changes in DeltaD distribution following other manipulations that inhibit Notch signaling: DAPT treatment, which inhibits the γ-secretase dependent S3 cleavage of Notch (Geling et al., 2002) ; injection of mRNA encoding a dominant negative form of Su(H), DN-Su(H), which lacks its DNA binding domain (Wettstein et al., 1997) ; and injection of morpholinos (MO) against two homologues of Notch, notch1a and notch3 (previously called notch5) expressed in the neural plate during early neurogenesis (Hsiao et al., 2007; Yeo et al., 2007) .
As in mib1 mutants, these manipulations induced a neurogenic phenotype with more cells in the neurogenic domain expressing DeltaD. However, at the tail bud stage, when cells did not show significant exaggeration in deltaD transcript (see Fig. S1 in the supplementary material), DAPT-treated or DN-Su(H)-expressing embryos had zdD2 in cytoplasmic puncta ( (Fig. 3E ,EЈ) and DN-Su(H)-injected (data not shown) embryos. However, unlike the situation in mib1 mutants, the surface accumulation was now accompanied by intense cytoplasmic puncta of DeltaD. These observations suggest that surface accumulation seen in mib1 mutants at an early stage is specifically due to failure of Mib1-mediated endocytosis. Later, as failure of Notch signaling results in exaggerated deltaD expression, some of the DeltaD does accumulate at the cell surface because it exceeds the cells capacity for DeltaD endocytosis.
Interactions with Notch are required for DeltaD endocytosis
In contrast to changes seen following DAPT treatment or injection of DN-Su(H), embryos with notch1a and notch3 simultaneously knocked down had an increase in surface DeltaD similar to that seen in mib mutants: DeltaD was at the cell surface at the tail bud 199 RESEARCH ARTICLE Notch regulates Delta endocytosis To demonstrate that excess DeltaD production is not responsible for its accumulation at the cell surface, DeltaD protein was reduced in Notch MO embryos by co-injection of deltaA and deltaD MO (compare Fig. 4E with Fig. 4F ). The resulting reduction of DeltaD protein was still accompanied by surface accumulation of DeltaD (Fig. 4F,FЈ) . This suggested that DeltaD interactions with Notch are essential for effective DeltaD endocytosis.
Interactions with Notch in trans and cis are required for DeltaD endocytosis
Cell transplantation experiments were performed to determine whether interaction of DeltaD with Notch in the same cell (in cis) or in a neighboring cell (in trans) is required for triggering endocytosis. Donor embryos were injected with mRNA encoding a plasma
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Development 136 (2) . Embryos were stained with zdD2 (A-E) and double-stained (A'-E') with β-catenin (zdD2 in green, β-catenin in red). DAPT and DN-Su(H) treatment increased the numbers of cells expressing DeltaD but did not result in DeltaD accumulation at the cell surface at the tail bud stage. Some cell surface DeltaD is detected in DAPT-treated embryos by the six-somite stage; however, it is accompanied by intense cytoplasmic puncta. . Embryos are double-stained with zdD2 (grey in A-C, green in A'-C') and β-catenin (red in A'-C'). DeltaD-expressing cells are increased and DeltaD is mainly localized at cell surface in both Notch morphants (B,B') and mib m178 mutants (C,C'). (D-F') DeltaD distribution in Notch morphants with (F,F') or without (E,E') co-injection of deltaA and deltaD (deltaA&D) MOs. Though co-injection of deltaA&D MO dramatically reduces zdD2 staining (compare E with F), DeltaD is still localized at the cell surface.
membrane-tethered mRFP and Myc-tag (Myc PM ), so that donor cells could be identified in host embryos by surface expression of RFP or a red fluorescent secondary antibody to visualize Myc PM . DeltaD was labeled with zdD2 and visualized with a green fluorescent secondary antibody. Embryos were co-injected with notch1a and notch3 MO (Notch MO) or control MO (WT) to evaluate how the reduction of Notch affects Delta distribution. When WT cells were transplanted into WT embryos, DeltaD protein was localized in cytoplasmic puncta both in the donor cells and host embryos (28/28 of the transplanted cells) (Fig. 5G,GЈ) . When Notch MO cells were transplanted into Notch MO embryos, DeltaD protein remained at the cell surface (24/24 cells) (Fig. 5I,IЈ) . This showed that the transplantation process does not significantly alter the distribution of DeltaD. Transplantation of Notch MO cells into WT embryos, and WT cells into a Notch MO embryo was expected to have distinct effects on the distribution of DeltaD if interactions with Notch either in cis or trans were primarily responsible for triggering endocytosis (schematized in Fig. 5A-F) . If interactions in trans were essential for endocytosis, DeltaD would be effectively internalized in a Notch MO donor cell transplanted to a WT embryo, as DeltaD in the Notch MO donor cell would interact with Notch in surrounding WT host cells (Fig. 5C) . Similarly, Notch MO host cells adjacent to a transplanted WT cell would show some internalized DeltaD following successful interaction with Notch on the cell surface of transplanted WT cells (Fig. 5D) . At the same time, the transplanted WT cell itself would now be expected to accumulate DeltaD on the cell surface due to absence of Notch in neighboring Notch MO host cells (Fig. 5D) . However, if interactions with Notch in cis were essential to trigger DeltaD endocytosis, DeltaD would remain on the surface of a Notch MO donor cell when placed adjacent to WT host cells (Fig. 5E) , and DeltaD would continue to be internalized in a WT donor cell when placed in a Notch MO host embryo (Fig. 5F ).
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Our results suggest that neither cis nor trans interactions are exclusively responsible for DeltaD endocytosis, but rather both types of interactions are likely to contribute. When Notch MO cells were transplanted into WT host embryos (Fig. 5H,HЈ) , some Notch MO donor cells still had some DeltaD on the cell surface (Fig. 5H,  arrowheads) , suggesting that interactions with Notch in cis are required for normal levels of DeltaD endocytosis. However, some of the Notch MO cells (Fig. 5HЈ, arrows) now had significant intracellular DeltaD puncta, suggesting that interactions in trans with surrounding Notch-expressing WT cells had triggered DeltaD endocytosis. When WT donor cells were transplanted into a Notch MO host (Fig. 5J,JЈ) , some donor WT cells had prominent intracellular DeltaD puncta (Fig. 5JЈ, black arrowheads) , suggesting that cis interactions with Notch within the transplanted cell were adequate for some internalization of DeltaD. In addition, some host Notch MO cells adjacent to donor WT cells now had intracellular DeltaD (Fig. 5J, arrows) , suggesting that trans interactions with Notch in transplanted WT cells had promoted DeltaD endocytosis in Notch MO host cells.
To quantify how much interactions in cis versus trans contribute to endocytosis of DeltaD, we compared surface DeltaD to cytoplasmic DeltaD in individual transplanted cells, where DeltaD had the ability to interact with Notch both in trans or in cis (WT cells into WT hosts), neither in trans nor in cis (Notch MO cells into Notch MO hosts), and only in trans (Notch MO cells into WT hosts). We did not evaluate WT cells in Notch MO hosts, where interactions only take place in cis, because DeltaD on the surface of the transplanted cells could not be distinguished from DeltaD on the surface of surrounding host cells. The cell surface or cytoplasmic boundary was outlined in a representative confocal image of each cell and surface versus intracellular DeltaD was quantified by measuring the cumulative pixel intensity within the defined boundaries using Image J software. The relative distribution of DeltaD for each cell, within each experimental group, was represented in a scatter plot with cumulative intracellular pixel intensity on the x-axis and cumulative cell surface pixel intensity on the y-axis (Fig. 5K) .
The scatter plot revealed that, although WT cells transplanted into WT host embryos (Fig. 5K , blue spots) had variable amounts of intracellular DeltaD, none had a surface intensity higher than 10,000 (10 K) units (Fig. 5K, broken line) . By contrast, all but one of the Notch MO cells transplanted into Notch MO host embryos (Fig. 5K , green spots) had surface intensity higher than 10 K and intracellular intensity less than 10 K units. These changes in distribution illustrate ineffective DeltaD endocytosis in the absence of both trans and cis interactions. The scatter diagram also illustrates that although all the WT cells transplanted into WT hosts have low cell surface DeltaD, 10/28 (36%) of the cells had lower than 5 K units of both surface and intracellular intensity (Fig. 5K, shadowed area) . By contrast, 23/24 (96%) of the Notch MO cells transplanted into Notch MO embryos had cumulative intensities greater than 5 K. This difference is likely to be related to the role of lateral inhibition in restricting Delta expression to a subset of WT cells and failure of lateral inhibition to allow a larger fraction of transplanted Notch MO cells to express DeltaD.
DeltaD in Notch MO cells transplanted into WT hosts (Fig. 5K , red spots) was neither primarily restricted to the cell surface as in Notch MO to Notch MO transplants, nor primarily intracellular as in WT to WT transplants. In 11/32 (34%) of the cells, more than 10 K units intensity remained on the cell surface and fewer than 10 K units was intracellular, suggesting that in these cells trans interactions with Notch in surrounding WT cells were not capable of restoring high intracellular DeltaD distribution as seen in WT cells. In another 5/32 (16%) of the cells, however, fewer than 10 K units pixel intensity was on the cell surface and more than 10 K units was intracellular, suggesting that interactions in trans had restored sufficient endocytosis to promote significant intracellular distribution in these cells. In another 5/32 (16%) of cells, there was greater than 10 K units of intensity both on the cell surface and in an intracellular compartment, suggesting that although interactions in trans had permitted significant amounts of Delta endocytosis, the absence of interactions in cis allowed significant amounts of DeltaD to remain on the cell surface. These observations suggest that interactions with Notch in cis and trans have differential roles in the endocytosis of DeltaD in different cells.
As seen in Notch MO cells transplanted into Notch MO embryos, a large fraction of Notch MO cells transplanted into WT embryos (21/32 or 66%) had levels of DeltaD intensity higher than 10 K units and only a small fraction had lower than 5K units of pixel intensity. As discussed earlier, it is likely that reduced Notch signaling in Notch MO cells allowed a large fraction of these cells to express high levels of DeltaD when transplanted into WT embryos.
Intracellular DeltaD levels in Notch MO host cells adjacent to either transplanted Notch MO or transplanted WT cells were also quantified (Fig. 5L) . Most host Notch MO cells (21/22 or 95%) had lower than 10 K units intracellular intensity when they were adjacent to transplanted Notch MO cells. However, when the host Notch MO cells were adjacent to transplanted WT cells, 10/39 (26%) of the cells had higher than 10 K units intensity, suggesting that interaction of DeltaD in trans with Notch in adjacent transplanted WT cells triggered endocytosis of DeltaD in host Notch MO cells.
Stabilization of DeltaD protein in Notch morphant
Next, we asked whether Notch-dependent DeltaD endocytosis determines DeltaD degradation. As loss of Notch signaling allows increased deltaD transcription, it is hard to evaluate if the change in the amount of endogenous DeltaD protein is determined by increased synthesis or decreased degradation. To avoid complexities introduced by endogenous transcriptional regulation, mRNAs for deltaD-HA and myc PM were co-injected into one-cell stage embryos and expression levels of DeltaD-HA and Myc PM were compared in the presence and absence of Notch (Fig. 6) . It should be noted that for reasons that remain unclear, significantly higher amounts of exogenously provided DeltaD-HA protein localize at the cell surface compared with endogenous DeltaD (Fig. 6A,AЈ) . Nevertheless,
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Development 136 (2) intracellular DeltaD-HA puncta seen in WT embryos are no longer seen in Notch MO embryos (compare Fig. 6A ,AЈ with Fig. 6B ,BЈ), confirming that endocytosis of DeltaD-HA is also regulated by Notch. Following co-injection of deltaD-HA and myc PM mRNA, Myc PM expression levels progressively increased when examined at 80% epiboly the two-somite and the five-somite stage (compare Fig. 6CЈ -EЈ). This suggested that Myc PM is relatively stable and it progressively accumulates on the cell surface as more is translated. By contrast, progressively lower levels of DeltaD-HA were detected at the cell surface between 80% epiboly (Fig. 6C ) (n=6 embryos) and the two-somite stage (Fig. 6D ) (n=10), and it was hard to see by the five-somite stage (Fig. 6E) (n=9) . As Delta-HA and Myc PM were transcribed from identical vectors with the same 5Ј-and 3Ј-UTR, this difference suggests that DeltaD-HA is degraded more rapidly than it is translated during this period in control embryos. When notch1a and notch3 MOs were co-injected, there was no longer a progressive reduction in DeltaD-HA expression. Instead, similar levels of DeltaD-HA were seen at 80% epiboly (Fig. 6F) and at the two-somite stage (Fig. 6G) , while slightly increased DeltaD-HA was seen at the five-somite stage (Fig. 6H) . These observations suggest that Notch knockdown reduces DeltaD-HA protein degradation. At this stage, we have not been able evaluate whether interactions with Notch in cis or in trans are more effective promoting degradation of DeltaD-HA.
Interactions with Notch are also required for DeltaA endocytosis Although we used zdD2 as a specific antibody for zebrafish DeltaD protein, we noticed that deltaD/aei AG49 mutants, with an early termination signal in the deltaD coding sequence (Holley et al., 2000) , have faint zdD2 labeling when the sensitivity of fluorescence detection is increased (see Fig. S2C ,E in the supplementary material). As the distribution of the faint signal resembled the deltaA expression pattern, we surmised that the staining was due to cross reactivity of zdD2 with DeltaA. Injection of deltaA MO into deltaD/aei AG49 mutant eliminated this faint signal (data not shown), confirming that zdD2 faintly labels DeltaA in deltaD/aei AG49 mutants. We took advantage of this cross-reactivity and examined the role of Notch interactions in DeltaA endocytosis. We found that whereas zdD2 is primarily in intracellular puncta (see Fig. S2E ,EЈ in the supplementary material), its distribution becomes restricted to 203 RESEARCH ARTICLE Notch regulates Delta endocytosis PM stability with (F-H) and without Notch morpholinos (C-E). DeltaD-HA expression reduces from 80% epiboly (C) to the two-somite stage (2 ss) (D) and is barely detectable at the fivesomite stage (5 ss) (E) in WT. By comparison, Myc PM expression levels are progressively increased from 80% epiboly to 5 ss (C'-E'). In Notch MO embryos, Delta-HA (F-H) behaves like Myc PM (F'-H') and its expression is not decreased.
the plasma membrane when Notch MOs are injected into deltaD/aei AG49 mutants (see Fig. S2F ,FЈ in the supplementary material). As zdD2 labels DeltaA in deltaD/aei AG49 mutants, this suggests that interactions with Notch are also crucial for DeltaA endocytosis.
DeltaC endocytosis is regulated differently from DeltaD and DeltaA
Previous studies have suggested that whereas DeltaD is a substrate for Mib1, DeltaC, expressed in a small subset of neuronal progenitors (Smithers et al., 2000) , is a substrate for both Mib1 and its paralog, Mib2 (Zhang et al., 2007a; Zhang et al., 2007b) . Consistent with the specific requirement of Mib1 for DeltaD ubiquitylation, DeltaD is on the cell surface in both mib1 ta52b and mib1 m178 embryos ( Fig. 2H; Fig. 4C,CЈ) . By contrast, DeltaC cellular distribution is not dramatically affected in mib1 m178 embryos (compare Fig. 7A ,AЈ with Fig. 7B,BЈ) , even though its expression is exaggerated as a consequence of reduced Notch signaling. This is consistent with Mib2 function being sufficient to mediate DeltaC endocytosis in mib1 m178 embryos. However, DeltaC is primarily on the cell surface in mib1 ta52b mutants (Fig. 7C,CЈ) . This is consistent with the reported dominant inhibitory effect of the Mib1 ta52b protein reducing both Mib1 and Mib2 function (Fig. 7C,CЈ) and therefore, DeltaC endocytosis (Zhang et al., 2007a) .
We also examined the requirement for Notch interactions in DeltaC endocytosis. Surprisingly, DeltaC endocytosis was not dramatically affected by notch1a and notch3 knockdown (Fig.  7D,DЈ) , though DeltaC expression itself was exaggerated as a consequence of failed Notch signaling (compare Fig. 7A,D) . These results suggest that DeltaC and DeltaD not only have distinct requirements for Mib1 and Mib2, their endocytosis is differentially regulated by interactions with Notch.
DISCUSSION
In this study, we examined the subcellular localization of endogenous Delta protein in zebrafish neural tissue and we showed that DeltaA, DeltaC and DeltaD is primarily located in cytoplasmic puncta. Our analysis indicates that whereas Mib1 is crucial for endocytosis of DeltaA and DeltaD, Mib1 and Mib2 have redundant roles in mediating DeltaC endocytosis. Furthermore, while Mib1-mediated endocytosis is likely to have a crucial role in determining the cytoplasmic distribution of DeltaD, overproduction of deltaD in the neural tissue following loss of Notch signaling can also eventually contribute to some DeltaD accumulation on the cell surface.
Surface accumulation of DeltaD induced by dominant-negative Su(H) expression or DAPT treatment is accompanied by accumulation of intense cytoplasmic puncta of DeltaD. By contrast, DeltaA and DeltaD accumulation on the cell surface is not accompanied by cytoplasmic puncta when notch1a and notch3 function is knocked down. This observation revealed that interactions with Notch1a and Notch3 have a crucial role in regulating DeltaA and DeltaD endocytosis. Loss of Notch1a and Notch3 does not, however, affect the cellular distribution of DeltaC. This suggests that although interactions with Notch1a and Notch3 are likely to regulate endocytosis of DeltaA and DeltaD, they are not crucial for endocytosis of DeltaC.
Surface localization of DeltaA and DeltaD in mib1 m178 mutant embryos revealed a crucial role for Mib1 in determining cytoplasmic distribution of DeltaA and DeltaD. The mib1 m178 allele encodes a truncated Mib1 m178 protein that lacks the third RING domain essential for its ubiquitin ligase function (Itoh et al., 2003) . Nonsense-mediated degradation of mib1 m178 transcript significantly reduces the amounts of the mutant protein and its phenotype is like that of a null mutant (Zhang et al., 2007b) . By contrast, the mib1 ta52b transcript, which is relatively stable, encodes a Met to Arg substitution in the third RING domain. This interferes with its ubiquitin ligase function and Mib1 ta52b has a dominant-negative effect on both Mib1 and Mib2. Consistent with these distinctions and with the reported ability of both Mib1 and Mib2 to promote DeltaC endocytosis in cultured cells, DeltaC endocytosis does not appear to be significantly reduced in mib1 m178 mutants where only Mib1 function is lost, whereas endocytosis is compromised in mib1 ta52b mutants where the function of both Mib1 and Mib2 is compromised.
Though our study suggests that interactions with Notch1a and Notch3 regulate DeltaA and DeltaD endocytosis in zebrafish embryos, it remains unclear whether Delta interactions with Notch are specifically required for Mib-mediated endocytosis. Previously, we have shown that Mib1 promotes DeltaD ubiquitylation and its endocytosis in Cos-7 cells (Itoh et al., 2003) . In that context, however, where both DeltaD and Mib1 were provided in excess, an interaction with Notch did not appear to be essential for Mib1-mediated endocytosis. Nevertheless, it is likely that in vivo, under
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Development 136 (2) Internalization of Delta-Notch complexes following interactions in cis would leave either a net excess of Delta or Notch at the cell surface, making cells specialized to deliver or receive Notch activation, respectively. As a cell with an excess of Delta becomes specialized in activating Notch in its neighbor, endocytosis of Delta might become progressively more dependent on interactions with Notch in trans. By contrast, Delta endocytosis in a cell with an excess of Notch might become progressively less dependent on interactions in trans.
We found that when Notch MO cells were transplanted into wildtype embryos, three types of cells were identified: (1) cells with relatively low surface DeltaD and high intracellular DeltaD where interactions in trans might have been adequate for effective endocytosis; (2) a population with high surface Delta and low intracellular DeltaD where interactions in cis might have been more important; and (3) a third population with high levels of both surface and intracellular DeltaD where both interactions in cis and in trans were likely to have been contributing to DeltaD endocytosis. The distinctions in the requirement for interactions in trans or cis with Notch for DeltaD endocytosis seen in transplanted cells may reflect progressive differentiation into distinct populations specialized to deliver or receive Delta signals. It remains to be seen whether interactions in trans predominantly determine Delta endocytosis in cells specialized to deliver Delta signals, whether Delta interactions with Notch in cis determine endocytosis in cells that are not as yet specialized or whether they dominate in cells with an excess of Notch specialized in receiving activation.
Interactions in cis may help tune a system for more effective lateral inhibition Lateral inhibition is expected to amplify differences in neurogenic potential between adjacent cells and allow the progenitors with greatest neurogenic potential to differentiate, while they inhibit their neighbors from doing the same. However, when cells have high levels of both Delta and Notch on their surface, relative differences in the amounts of Delta and Notch may not be enough to prevent significant cross activation of Notch by neighbors and mutual inhibition of neurogenesis. In this context, internalization of DeltaNotch complexes following interactions in cis may help to tune the system for more effective lateral inhibition as it leaves a net excess of Delta or Notch on the surface of cells. In this context, cells with an excess of Delta would activate Notch in neighbors left with a net excess of Notch, without receiving effective activation from their neighbors. However, this model also suggests that if all the cells expressed an excess of Delta, internalization of Delta-Notch complexes following interactions in cis could deplete surface Notch and lead to failure of Notch signaling. But we know that ectopic expression of delta mRNA results in inhibition of neurogenesis (Chitnis et al., 1995; Dornseifer et al., 1997; Haddon et al., 1998; Appel and Eisen, 1998) . This suggests that when all cells express an excess of Delta, Notch signaling does not fail. Instead, interactions with Notch in trans dominate and mutual Notch activation inhibits neurogenesis. This implies that when cells express both Delta and Notch, and in principle both interactions in cis and trans are possible, interactions in trans are likely to dominate and are more likely to be productive compared with cis interactions. Future studies will determine whether this is true.
The models described above assume that both Delta and Notch are internalized following an interaction in cis. Our data at present show only that Delta endocytosis is regulated by Notch. We do not have evidence for Delta regulating Notch trafficking in zebrafish.
Tests of these models await future experiments using tools for visualizing the trafficking of Notch receptors in zebrafish. In Drosophila, it has been shown that cis interactions of another DSL ligand, Serrate, with Notch inhibit Notch signaling (Jacobsen et al., 1998; Li and Baker, 2004) by promoting endocytosis of Notch (Glittenberg et al., 2006) . Similarly in C. elegans it has been suggested that interactions of a Notch homologue, Lin12, with a DSL ligand in cis inhibit the ability of a prospective vulval cell to deliver a signal and activate Lin12 in its neighboring cells (Chen and Greenwald, 2004) .
In conclusion, our study confirms the role of Mib proteins in regulating Delta endocytosis and it reveals a crucial role for interactions with Notch in regulating endocytosis of specific Notch ligands. Future studies will reveal how differential trafficking of different Notch ligands contributes in unique ways to regulation of cell fate and behavior in distinct developmental contexts.
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